R. Batey). Cryoprotection was carried out by looping the crystals directly from the drops and flash cooling in liquid nitrogen, using a cat whisker to manipulate the crystal (gift of Suki). A three-wavelength MAD experiment was carried out at Advanced Light Source beamline 8.2.1 using an inverse beam strategy. For one large crystal (xtal6) a full dataset at the peak was collected first. We then translated the crystal slightly and collected interlaced inflection and remote datasets on this undamaged part of the crystal. For another (xtal9), the peak and inflection were interlaced. Both datasets yielded usable phase information in MAD phasing.
The native dataset was collected with a crystal without iridium (III) hexammine but with 5% isopropanol added to the cryoprotectant (2-day soak). These data were collected at the CuKα wavelength using a rotating anode source (UCDHSC facility). We indexed, integrated, and scaled the data using HKL2000 (4) . The crystals belong to space group P6 3 , a = b = 131.7 Å, c= 157.7 Å. Non-crystallographic symmetry (NCS) close to a crystallographic axis made the crystals appear to be P6 3 22, but phases were not obtainable using the higher symmetry. The program SOLVE was used with unmerged data from the two wavelengths of the xtal9 MAD dataset to locate 7 heavy atom sites and obtain initial phases (5) . Density modification was conducted by RESOLVE, which automatically detected and used NCS to improve the maps (5).
The initial electron density from xtal9 allowed clear identification of the phosphodiester backbone and allowed initial building. To obtain potentially better maps, we used the 3 wavelength MAD dataset of xtal6 to phase using SOLVE and RESOLVE, which also resulted in an interpretable map that appeared to be slightly better as judged by eye. The phases from xtal6 and amplitudes from the native crystal were used in subsequent iterative building and refinement steps. The statistics from these two crystals are shown in Table 1 . The structure was built using O (6) and refined with CNS (7). The asymmetric unit contains two complete and nearly identical copies of the RNA. The crystals have a Matthews Coefficient of 4.1 Å 3 /Da and solvent content of 70.4%. We observed electron density in our structure that is likely due to Mg 2+ ions, but these are not include in the model presented here until their identity can be verified. Crystallographic statistics are contained in Table 1 .
Docking of structure into cryo-EM microscopy reconstructions. Cryo-EM density maps were generously supplied by Christian Spahn (8) . Docking of the structure into the cryo-EM density was accomplished in several steps:
1. Because the lengths of the SL VI and SL V stems were changed to induce crystallization, we returned these back to their wild-type length in order to have a model that reflected their actual extent into solution. This was accomplished by removing a base-pair from the stem of SL V and adding two A-form base-pairs to the stem of SL IV. This model is what is shown in figure   3 A&B.
2. The cryo-EM density of the CrPV IRES RNA on both the 40S subunit and 80S ribosome was previously assigned to regions 1+2 and region 3 based on the knowledge that smaller region 3 is located in the P-site and therefore the larger globular density near the E-site contains regions 1+2 (8) . This clearly identified the portion of the cryo-EM density into which our structure should be docked (Fig. S5A) . We chose the 80S ribosome-bound structure for our initial docking because it is of somewhat higher resolution and would therefore more clearly define the orientation of the IRES. We then docked the IRES into the 40S-subunit bound density and found that only minor position adjustments were needed. We displayed the 80S ribosome docked structure to show both 40S and 60S subunit contacts.
3. The 3' end of our structure must point into the density for region 3, therefore we oriented the structure in the appropriate density in such a way that this requirement was satisfied (Fig.   S5A ). This essentially limited the rotational position along two of the three axes.
4. Published footprinting data defines the nucleotides on the PSIV IRES that are in contact with the 40S subunit (9) . We mapped these onto the structure and manually rotated the structure in the density to place the nucleotides in position to where they are facing the 40S subunit. At this point, the structure was already well constrained into the density (Fig. S5B ). Stem-loops IV and V were in position to interact with rpS5. This satisfies the requirement that these two stemloops are making direct contact with the 40S subunit (based on mutagenesis combined with binding assays) (3). This manual docking also satisfies the directed hydroxyl radical probing data of Pestova et al. (10) that indicate the position of the IRES relative to eIF1 (Fig. S5C ).
Hence, all 40S subunit footprinting, probing, and mutagenesis data are satisfied by this initial manual docking.
5. We manually adjusted the position of the structure through slight translation and rotation shifts to best match the shape of the cryo-EM density to the shape of the IRES structure while still satisfying biochemical data. This resulted in almost no movement of the IRES in the density (Fig. S5D ).
6. We subjected this initial "by hand" docking to an optimization procedure using the program Chimera (11) . In general, this was not useful for improving the fit, because the cryo-EM density includes the entire PSIV IRES, and we were fitting a structure of only domains 1+2.
Using the unambiguous biochemical data was far more useful and provided a better placement.
Therefore, we did not use automated placement procedures to produce the final docked model.
Assembly assays in cell-free extract. To assemble preinitiation complexes in cell-free lysate,
we added ~1000 CPM of pure 32 P-labeled IRES RNA to 30 microliters of rabbit reticulocyte lysate was supplemented with the supplies amino acid mix (Promega) and RNase free water to a final volume of 50 microliters. The reactions were incubated at 30 degrees C for wither 15 minutes or 1 hour then quenched with 250 microliters of buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT) and placed on ice. Reactions were immediately loaded onto sucrose gradients prepared as described below and analyzed by ultracentrifugation.
Sucrose gradient preparation and fractionation. Assembly reactions were analyzed on 15-30% sucrose gradients in 50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 mM MgCl 2 , 1 mM DTT.
Gradients were prepared in SW41 tubes using the automated mixing procedure of a BioComp Gradient Master apparatus and used immediately after preparation. Reactions were layered on the gradients and spun at 4 degrees C for 3 hours at 36,000 RPM using a SW41 rotor. After spinning, the gradients were fractionated using the BioComp Gradient Master automated procedure. Fractions were analyzed by blotting onto a sandwich of nitrocellulose and nylon membranes and quantitation of the radioactivity on each membrane using a phosphorimager.
The 80S ribosomes and 40S complex peaks were assigned based on location in the gradient and previous studies. Reactions incubated for 15 minutes and for 1 hour gave the same results. ) 87.6 Solvent content 70.7 % a Statistics for all collected data are shown; phasing was accomplished using data to 3.4 Å resolution. b Values for highest resolution shells are given in parenthesis. c Redundancy = total reflections/unique reflections. d R merge = Σ ( |I -<I>| / Σ I, where I is the mean intensity of the reflections. e R work = Σ  |Fo-|Fc||/ Σ |Fo|, with   R work from the working set and R free from the test set (10% of the data). Figure S2 . Consistency of the structure with solution probing data. Previously reported hydroxyl radical probing data of the unbound, folded PSIV IGR IRES is overlaid on the structure (3). In red are areas that show enhanced cleavage when the RNA folds, in green are areas that are protected from solvent when the RNA folds, and in light green are areas that are lightly protected. These probing data are consistent with our structure, providing strong evidence that we have captured the pre-organized conformation of the unbound IRES RNA. Figure S3 . Architecture of the two pseudoknots within the PSIV IGR IRES regions 1+2. (A) Classic Htype pseudoknot architecture, with two stems linked by three loops. Loop 1 tends to pack into the major groove and loop 3 into the minor. Loop 2 is very short (0-2 nts) in most pseudoknots (12) . (B) Classic pseudoknot architecture drawn to show the coaxial stacking and placement of the loops in the grooves of the stacked helices. (C) Architecture of region 2, which can be classified as a pseudoknot with very large loops 1 and 3, and a loop 2 of zero nts. In this representation, PK III is stem 1, P2.2 is stem two, while loop 1 contains J2.2, SL IV, and J2.3. Loop 3 contains SL V. The stacking of the helices and the placement of the "loops" into the grooves follows classic pseudoknot architecture. Hence, canonical RNA folding motifs underlie this complex fold. (D) PK II closes the outside pseudoknot of the doublenested pseudoknot comprising regions 1+2. That is, all of region 2 lies within loop 3 of this structure. In this pseudoknot, loop 2 contains several nucleotides. While part of L1.2A (loop 1) is poised to lie in the major groove of PK III, most of this loop makes minor groove contacts to region 1. Likewise, L1.2B (loop 2) has been co-opted to make A-minor interactions with region 2. The combination of L1.2A and L1.2B creates the "cradle" interaction shown in figure 2D . Region 2 lies alongside the P1.2 helix. Hence, in this pseudoknot, the classic architecture is disrupted in favor of inter-region packing interactions. Figure S4 . The domain-swapped dimer. Each crystallographic asymmetric unit contains two copies of the IRES RNA in a domain-swapped dimer. Each of the two copies is shown here in contrasting color. Region 1 of one molecule interacts with region 2 of its partner, with a flexible region linking the two. The shaded portion indicates one monomer of the folded IRES ribosome binding domain. Several observations support the conclusion that this domain swapping has not altered the essential structural features that drive biological function: (1) The structure agrees with phylogenetic, mutational, and biochemical data, indicating that the native interactions have formed; (2) The structure fits well into cryo-EM reconstructions of the IRES bound to the ribosome, indicating the overall architecture is correct; (3) The low degree of order in the RNA that links the two members of the asymmetric unit supports the idea that the region 1+2 structure is not constrained or perturbed; (4) Structural probing and small-angle X-ray scattering experiments (unpublished data) indicate that the IRES in solution oscillates between an extended state (PK II not formed) and a more compact state (PK II formed), suggesting the linking regions act as a flexible hinge; (5) Domain swapping in crystal structures is often associated with structurally labile regions, consistent with the idea that the linking regions are naturally mobile; and (6) Mutation of L1.1 did not alter the structure of the IRES in solution (Fig. 4B) , suggesting it is naturally unstructured in the unbound form. It should be noted that the domain-swap does not involve "unzipping" of an extended helical region and intermolecular re-annealing of the helix as has been observed in crystallization-induced dimers (e.g. (13)). The only base-pairs formed between the two partners in the asymmetric unit are in PK II. Figure S5 . Details of the docking procedure. (A) Cryo-EM reconstruction of the CrPV IRES on the 80S ribosome with the 60S subunit computational removed. The 40S subunit is shown in yellow, the IRES density is in purple. Regions 1+2 and region 3 were previously assigned as shown (8) . The approximate location of the P-site and the 3' end of region 1+2 is shown. Above the density is the structure of the PSIV IRES regions 1+2, with the 3' end shown. By placing the 3' end of the structure into that location in the density the structure, we defined the initial docking location. (B) Initial by-hand docking of the structure into the density (gray), placed to position the footprint due to 40S subunit binding (9) (purple) against the subunit density (yellow). The locations of SL IV and SL V and ribosomal protein S5 are shown. In this initial position, all footprint data are satisfied. (C) Alternate view of the initial docking, shown to emphasize published data from directed hydroxyl radical cleavage from BABE tethered to eIF1 protein (10) . The approximate position of eIF1 on the 40S subunit is shown. The cleavage is depicted on the structure in green. The structure and the docking satisfy these data. (D) Three different positions of the optimized docked structure within the IRES cryo-EM density (ribosome computationally removed). This shows the agreement of the structure with the shape of the density. The position of region 3, which was not part of this structure, also is shown. Figure S6 . Mapping of highly conserved nucleotides in the class 1 IGR IRESes onto the structure. (A) Structure of the RNA with bases that are conserved in 6 out of the 7 members highlighted in magenta. Nucleotides that interact with the 40S subunit (SL IV & V) are boxed in cyan and red, those that interact with the 60S subunit (L1.1/ P1.2) are boxed in blue, and the folded core is boxed in green. Nearly all of the conserved nucleotides are accounted for by the folding of the RNA (green) and the interactions with rpS5 red and cyan) and the L1 stalk (blue). (B) Sequence alignment of 7 members of the Dicistroviridae class 1 IGR IRESes, using the alignment of Kanamori & Nakashima (14) . Boxes indicate the highly conserved sequences that correspond to the regions of part (C). The conservation of these class 1 IGR IRESes is almost fully accounted for by the folded core and interactions with rpS5 and the L1 stalk. Abbreviations: Plautia stali intestine virus (PSIV), himetobi P virus (HiPV), cricket paralysis virus (CrPV), Triatoma virus (TRV), Drosophila C virus (DCV), black queen-cell virus (BQCV), Rhopalosiphum padi virus (RhPV).
